1. Introduction {#sec1-molecules-25-03611}
===============

Fish is considered an excellent low-fat source of protein, and the consumption of fish provides many benefits to human health, such as protection against heart diseases and certain cancers \[[@B1-molecules-25-03611],[@B2-molecules-25-03611]\]. However, these beneficial effects might be affected by fish decomposition and the accumulation of chemical contaminants such as biogenic amines \[[@B2-molecules-25-03611]\]. During the decomposition process, the content of the amino acid histidine in fish muscle is converted into histamine, due to the microbial action of the histidine decarboxylase enzyme \[[@B3-molecules-25-03611],[@B4-molecules-25-03611],[@B5-molecules-25-03611]\]. Histamine poisoning, also known as scombroid poisoning, is one of the most common forms of toxicity caused by the consumption of fish worldwide; commonly it is a mild illness, but symptoms can vary from moderate to severe to life-threatening \[[@B5-molecules-25-03611],[@B6-molecules-25-03611],[@B7-molecules-25-03611]\].

Histamine content in fish increases with the process of fish spoilage. Therefore, histamine content has been proposed as a form of chemical evidence of spoilage and freshness. As a consequence, countries such as the USA, through the Food and Drug Administration (FDA), and those of the European Union, by the Commission Regulation (EC) No. 2073/2005, have established regulatory limits for histamine levels in edible fish \[[@B8-molecules-25-03611],[@B9-molecules-25-03611],[@B10-molecules-25-03611]\]. According to the FDA, a concentration of 50 mg/kg is an index of sample deterioration; thus, samples returning results at or above this level cannot be intended for sale or consumption. The European Commission regulation requires that from each sample, nine units must be analyzed, and has set the maximum average level of histamine at 100 mg/kg for fishery products from fish species associated with a high amount of histidine, and 200 mg/kg for fishery products which have undergone enzyme maturation treatment in brine, such as salt-ripened anchovy \[[@B11-molecules-25-03611],[@B12-molecules-25-03611],[@B13-molecules-25-03611]\].

A variety of methods are available for histamine analysis in fish and fishery products, such as enzyme-linked immunosorbent assay (ELISA), colorimetric, and chromatographic methods \[[@B14-molecules-25-03611],[@B15-molecules-25-03611],[@B16-molecules-25-03611]\]. Among these methods, HPLC coupled with different types of detectors have been the most widely used. The HPLC methods were found to offer remarkable specificity and sensitivity, but demand sophisticated and expensive instrumentation, trained operators, and entail high operational costs and time requirements \[[@B17-molecules-25-03611],[@B18-molecules-25-03611],[@B19-molecules-25-03611]\]. For this reason, during official controls and routine analysis, the Association of Official Agricultural Chemists (AOAC) fluorescence method was applied for histamine determination \[[@B20-molecules-25-03611]\], while the HPLC method was used as a confirmation method when a sample tested did not conform to the fluorescence method. The AOAC method is considered sensitive and reproducible; nonetheless, it is complex, time-consuming, and requires laborious purification \[[@B17-molecules-25-03611]\]. As such, increasing attention has been paid to thin-layer chromatography (TLC) as a powerful and simple analysis method. TLC does not require costly equipment and can be implemented for the simultaneous analysis of several samples, which can be very useful for histamine determination in fish samples, so that all nine units that compose a sample can be analyzed on a single plate \[[@B19-molecules-25-03611],[@B21-molecules-25-03611],[@B22-molecules-25-03611],[@B23-molecules-25-03611]\]. In addition, and due to the advancements in the systems for image capture and analysis, TLC can be applied as a quantitative method with significant results \[[@B24-molecules-25-03611]\]. Biogenic amines are highly polar compounds; therefore, most chromatographic methods that have been proposed for its determination in fish and fishery products are based on its derivatization with a specific reagent, such as dansyl chloride or *O*-phthalaldehyde (OPA), to produce fluorescence and strong derivatives \[[@B25-molecules-25-03611]\], which acquire properties that facilitate chromatographic separation such that histamine can be easily detected and quantified \[[@B26-molecules-25-03611]\].

The objective of this study was to establish a facile, rapid, and cost-effective TLC approach for histamine monitoring in fish and fishery products. To this aim, histamine was extracted with trichloroacetic acid, and an effective derivatization method with dansyl chloride was adopted after several optimization tests. Then, one-dimensional thin-layer chromatography was applied for the separation of histamine-dansyl derivatives. Finally, an easy and rapid semi-quantification technique was performed by an image analysis system, where the histamine-dansyl derivatives bands were visualized and quantified. To ensure the application and the effectiveness of the developed method, a validation procedure was carried out according to the following parameters: linearity, specificity, Limit of Detection (LOD) and Limit of Quantification (LOQ), precision, accuracy, and recovery.

2. Results and Discussion {#sec2-molecules-25-03611}
=========================

2.1. Method Development {#sec2dot1-molecules-25-03611}
-----------------------

### 2.1.1. Derivatization Procedure {#sec2dot1dot1-molecules-25-03611}

The derivatization methods of histamine and other biogenic amines with dansyl chloride have been proposed in previous studies. Among these methods, a dansylation method was tested \[[@B18-molecules-25-03611]\], where 1 mL of histamine standard solution was mixed with 1 mL of borate buffer (0.2 M, pH = 9.2), following which the pH medium was adjusted to 10.0 with sodium hydroxide and 2 mL of dansyl chloride were added. After 1 h of incubation at 55 °C in the dark, 40 µL of the derivatization solution were deposited on the TLC plate, and a mobile phase composed of chloroform-triethylamine (6:4, *v*:*v*) was used for the chromatographic separation. The results showed a good separation of histamine bands on the TLC plate. However, the main drawback of this method is the high limit of detection for consistency. It was reported that the accuracy of the TLC method for histamine determination in fish samples is limited near 50 mg/kg \[[@B27-molecules-25-03611]\].

In certain studies, the saturated sodium bicarbonate solution was used as a derivatization buffer for the dansylation of biogenic amines \[[@B28-molecules-25-03611],[@B29-molecules-25-03611]\]. Thus, the borate buffer was replaced by a saturated NaHCO~3~ solution. After derivatization, with dansyl chloride prepared in acetone, organic and aqueous phases were obtained. However, it is difficult to achieve a good separation when using saturated buffer; consequently, the spotting of the sample from the organic phase on the TLC plate was not easy. Therefore, the toluene solution was used to achieve better separation, and the spotting procedure was rapid and much simpler.

### 2.1.2. Optimization of Derivatization Procedure {#sec2dot1dot2-molecules-25-03611}

The derivatization process is considered essential, and for successful analysis, it is vital to apply an adequate procedure. To this aim, different volumes of histamine solution, sodium bicarbonate buffer, and toluene solution were tested to find the optimal ratios. The optimal results were obtained when 300 µL of saturated buffer were added to 200 µL of histamine standard solution or sample extract solution, and it was concluded that decreasing or increasing the buffer volume significantly influenced the derivatization between histamine and dansyl chloride. As for toluene solution, a volume of 250 µL was sufficient to show a good separation between the aqueous and organic phases and to concentrate the dansyl amine derivatives in the organic phase.

The most common reagent used for the determination of biogenic amines is dansyl chloride \[[@B30-molecules-25-03611]\], and according to the reaction mechanism, its concentration is considered a crucial parameter. In the next set of experiments, the derivatization was performed with three different concentrations of dansyl chloride---0.4%, 0.8%, and 1.5%---in acetone. The quantification of histamine intensity bands was significantly improved by increasing the dansyl chloride concentration from 0.4% to 0.8%. However, increasing the concentration from 0.8% to 1.5% did not show noteworthy variation. After various optimization tests, a successful separation and quantification of histamine was carried out ([Figure 1](#molecules-25-03611-f001){ref-type="fig"}).

### 2.1.3. Solvent System Effect {#sec2dot1dot3-molecules-25-03611}

Dansyl chloride is a non-specific reagent and was found to react with all the amino compounds including biogenic amines, free amino acids, and ammonia \[[@B18-molecules-25-03611]\]. After the separation of the dansyl derivatives on the TLC plate, different fluorescence spots would be detected. In order to perform a successful quantification of histamine on the TLC plate using an image processing software, several solvent systems were examined. Two solvent systems, namely chloroform:triethylamine (6:4, *v*/*v*), and chloroform:diethyl ether:triethylamine (6:4:1, *v*/*v*/*v*), were evaluated by one-dimensional TLC. Two-dimensional TLC was performed with chloroform:diethyl ether:triethylamine (6:4:1, *v*/*v*/*v*), followed by a chloroform:triethylamine (8:2, *v*/*v*) solvent system.

The results indicate that histamine-dansyl bands presented with a small Rf value and were not well-separated from spermidine derivative spots, when the solvent system chloroform:diethyl ether:triethylamine (6:4:1, *v/v/v*) was used. For the two-dimensional TLC separation, histamine-dansyl spots were developed with a high Rf value, and close to the non-reacting dansyl chloride, with a long developing time. Among the tested solvent systems, the most effective system was chloroform:triethylamine (6:4, *v*/*v*), which showed well-separated, strong, and very clear histamine-dansyl spots, with an Rf value equal to 0.77 ([Table 1](#molecules-25-03611-t001){ref-type="table"}).

2.2. Method Validation {#sec2dot2-molecules-25-03611}
----------------------

### 2.2.1. Linearity {#sec2dot2dot1-molecules-25-03611}

To determine the linearity of the proposed method, standard curves were prepared with five points at the following concentrations: 6.25, 12.5, 25, 50, and 100 mg/kg. Each concentration was applied onto a TLC plate with three replications per day over six successive days. The fluorescence histamine spots were analyzed by image processing software after one-dimensional TLC separation, and the calibration curves were constructed by plotting the peak area of the spot density versus the concentration. Twelve calibration curves with linear regression were evaluated in the solvent (n = 6) and by spiking canned tuna extract samples (n = 6). A good linear correlation was revealed between the mean peak area and the amount of histamine, where the calculated determination coefficient (R~2~) ranged from 0.9892 to 0.9997 and a typical standard curve was y = 9,890,660X + 626,037 (R~2~ = 0.999712).

### 2.2.2. Matrix Effect {#sec2dot2dot2-molecules-25-03611}

The application of the calibration curve in the fish matrix is recommended for histamine quantification, due to interference from the matrix effect. To investigate this effect, calibration curves prepared with the solvent were compared with those involving the canned tuna matrix. A significant variation was observed between these curves, and the matrix effect was confirmed, as can be seen in [Figure 2](#molecules-25-03611-f002){ref-type="fig"}. To evaluate the application of the same calibration curve, different calibration curves prepared in various samples, such as fresh sardine, fresh anchovy, fresh mackerel, marinated anchovy, dry salted anchovy, and canned sardine, were compared with the canned tuna validation curves. For fresh, marinated, and canned samples, a non-significant difference was observed, thus the canned tuna curve could be used to analyze these samples. For dry-salted samples, a noteworthy variation was observed ([Figure 2](#molecules-25-03611-f002){ref-type="fig"}), which indicates that the histamine analysis in these samples should be carried out with a specific calibration curve prepared in these matrices. This difference can be explained by the effects of the salt and the enzyme maturation treatment. The matrix effect has been confirmed and reported in previous studies for histamine determination in fish and fishery products \[[@B31-molecules-25-03611],[@B32-molecules-25-03611]\].

### 2.2.3. Identity and Specificity {#sec2dot2dot3-molecules-25-03611}

To confirm the identity of histamine, spiked samples and standard solutions were deposited on the same TLC plate, and the Rf value of histamine bands was evaluated. To evaluate the specificity of the method, n = 20 blank canned tuna samples and spiked samples with standard solution mixtures of histamine, cadaverine, spermidine, tyramine, spermine, and putrescine were analyzed. In all cases, histamine was clearly separated from other amines and no significant interference was detected at its Rf value.

### 2.2.4. Limit of Detection (LOD) and Limit of Quantification (LOQ) {#sec2dot2dot4-molecules-25-03611}

LOD and LOQ are calculated by taking the mean sample blank value and adding 3 and 10 times the SD (standard deviation) of repeated measurements, respectively \[[@B33-molecules-25-03611]\]. Canned tuna samples were analyzed with repeated measurements of n = 20, and each analysis was expressed as the analyte concentration. The LOD, determined as the lowest concentration of the histamine that can be detected at a specified level of confidence, was 4.4 mg/kg, and the LOQ, calculated as the lowest concentration of histamine that can be determined with an acceptable level of repeatability, precision, and trueness, was 10.5 mg/kg.

### 2.2.5. Precision, Accuracy, and Recovery {#sec2dot2dot5-molecules-25-03611}

To examine the precision in terms of repeatability, accuracy (trueness, %), and recovery of the developed method, canned tuna samples were spiked at five different concentrations of histamine (6.25, 12.5, 25, 50, and 100 mg/kg), and were analyzed over six successive days with three replications per day. The precision of the assay was determined by calculating the relative standard deviation (RSD, %) for the repeated measurements, and the accuracy of the method (trueness, %) was evaluated by assessing the agreement between the measured and nominal concentrations of analyzed samples \[[@B9-molecules-25-03611],[@B10-molecules-25-03611]\].

The results are shown in [Table 2](#molecules-25-03611-t002){ref-type="table"}: the RSD % values of the intra-day repeatability were in the range of 2.19--4.82%, the trueness values for the accuracy ranged around −6.88--5.28%, and the recoveries ranged from 93% to 105%. These values are very satisfactory, and thus the validated TLC method can be considered precise, accurate, and repeatable. Further, the obtained results are in agreement with other data available in the scientific literature about the determination of histamine in fish and fishery products \[[@B19-molecules-25-03611],[@B21-molecules-25-03611],[@B34-molecules-25-03611]\].

2.3. Determination of Histamine in Fish and Fishery Products {#sec2dot3-molecules-25-03611}
------------------------------------------------------------

To demonstrate the effectiveness and to confirm the application of the developed and validated TLC method for the determination of histamine in fish samples, different fish and fishery products were analyzed and the results were compared with those obtained using the international standard HPLC-UV method. The results are given in [Table 3](#molecules-25-03611-t003){ref-type="table"} and indicate that the TLC analytical method is accurate and reliable.

3. Materials and Methods {#sec3-molecules-25-03611}
========================

3.1. Reagents and Chemicals {#sec3dot1-molecules-25-03611}
---------------------------

Biogenic amine standards, histamine, cadaverine, spermidine, spermine, putrescine, and tyramine were obtained from Sigma-Aldrich (St. Louis, MO, USA). Chemical and analytical reagents were obtained as follows: hydrochloric acid, dansyl chloride, and acetone from Sigma (St. Louis, MO, USA); potassium chloride from Panreac (Barcelona, Spain); trichloroacetic acid, sodium hydroxide, boric acid, sodium carbonate, and toluene from Loba Chimie (Mumbai, India). Chloroform and diethyl ether solvents used for TLC separation were purchased from Sigma-Aldrich (St. Louis, MO, USA), and triethylamine from Loba Chimie (Mumbai, India).

3.2. Samples {#sec3dot2-molecules-25-03611}
------------

Fresh mackerel fish samples collected for official controls were used for the development of the TLC analytical method, while canned tuna samples were used for the method validation procedure. These samples were homogenized using a hand blender and stored in sterile polyethylene bags at −20 °C. Fresh fish and fishery products, such as fresh sardine, fresh anchovy, canned mackerel, marinated anchovy, dry salted anchovy, and canned sardine were also used.

3.3. Determination of Histamine by TLC-Densitometry {#sec3dot3-molecules-25-03611}
---------------------------------------------------

The chromatographic separation was performed on TLC aluminium sheets measuring L × W 20 × 20 cm with silica gel 60 F~254~ (Merck KGaA, Darmstadt, Germany). After the derivatization of histamine with dansyl chloride, 50 µL of the sample were spotted at 1.5 cm from the bottom of the plate under dryer flow. The plate development was carried out in darkness, at room temperature, and in a glass chromatographic chamber, with chloroform-triethylamine (6:4, *v*/*v*) solvent system as the mobile phase. The TLC plate was developed up to a distance of 18.5 cm from the bottom, and then was dried in a fume hood at room temperature.

The plate was visualized under an ultraviolet lamp at 365 nm wavelength, then histamine-dansyl derivatives bands were marked, as well as other biogenic amine bands, and the Rf values were determined. For quantitative analysis, the plate was divided into two parts, and each part was detected at 365 nm by a Quantum ST5 1326 series system (Vilber-Lourmat, Marne-la-Vallée, France) equipped with a CCD camera and Vision-Capt software. The semi-quantification was performed using BIO-1D image processing software.

3.4. Preparation of Standard Solutions {#sec3dot4-molecules-25-03611}
--------------------------------------

A histamine standard stock solution of 1000 µg/mL was prepared in 0.1 N HCl. The calibration curve was prepared, by appropriate dilution of histamine stock solution in solvent and in the matrix samples, to obtain aliquots of the following concentrations: 3.75, 6.25, 12.5, 25, and 50 µg/mL, which corresponded to 6.25, 12.5, 25, 50, and 100 mg/kg in fish samples. Other standard solutions of cadaverine, spermidine, spermine, putrescine, and tyramine were prepared separately in 0.1 N HCl at a concentration of 1000 µg/mL. Dansyl chloride solution was prepared by dissolving 0.8 g of dansyl chloride in 100 mL of acetone, which was then stored at −20 °C in a brown glass bottle.

3.5. Sample Preparation {#sec3dot5-molecules-25-03611}
-----------------------

### 3.5.1. Extraction {#sec3dot5dot1-molecules-25-03611}

In brief, 4g of a well-mixed sample were weighed into a 50 mL polypropylene tube. The sample was homogenized with 10 mL of 10% trichloroacetic acid, and the tube was centrifuged for 10 min at 3000 g (C-28 model BOECO centrifuge, Germany). After centrifugation, the supernatant was filtered through a 150 mm membrane filter.

### 3.5.2. Derivatization {#sec3dot5dot2-molecules-25-03611}

In brief, 200 µL of the filtrate were transferred into a 2 mL centrifuge tube, then 300 µL sodium carbonate solution (6.4 g of Na~2~CO~3~ in 20 mL of distilled water) and 500 µL of dansyl chloride solution were added. The tube was vortexed and incubated for 1 h in the dark at 60 °C. Then, 250 µL of toluene were added to improve the separation between aqueous and organic phases. Finally, 50 µL from the organic phase were deposited on the TLC plate, under a stream of warm air blown out gently from a hair dryer.

3.6. Method Validation and Statistical Analysis {#sec3dot6-molecules-25-03611}
-----------------------------------------------

Validation and statistical analysis of the developed TLC method was made depending on the following parameters: linearity, specificity, Limit of Detection (LOD) and Limit of Quantification (LOQ), precision, accuracy, and recovery, and carried out according to the European Commission Decision 2002/657/CE, concerning the performance of analytical methods and the interpretation of results and the Afnor standard NF-V03-110 \[[@B35-molecules-25-03611],[@B36-molecules-25-03611]\].

3.7. HPLC-UV Method {#sec3dot7-molecules-25-03611}
-------------------

The international standard HPLC-UV method was used for the analysis of different fish samples \[[@B37-molecules-25-03611]\]. This method involves the use of dansyl chloride as pre-column derivatization reagent, a liquid-liquid extraction method as the purification procedure, and a reverse-phase HPLC separation method, which was carried out by a PerkinElmer Series 200 HPLC system equipped with an autosampler, Kromasil 100-5-C18 column (4.6 × 250 mm, 5 µm), and UV detector.

4. Conclusions {#sec4-molecules-25-03611}
==============

A semi-quantification TLC method was developed and validated for the analysis of histamine in fish and fishery products. Following the extraction of histamine, as well as other biogenic amines, and after the optimization of different parameters, a simple derivatization procedure was performed. Then, the biogenic amine-dansyl derivatives were separated on a TLC plate, where the corresponding histamine spots were revealed as strong and very clear spots. Thus, effective identification of histamine was performed by the image capture system, and a successful quantification was carried out. In addition, a comparison was made between the optimized TLC-densitometry method and HPLC method by the determination of histamine in various samples. The developed method has proven to be efficient, inexpensive, and rapid. Thereby, it can be used to concurrently analyze all nine units that compose a sample, according to the European Commission Regulation. Furthermore, and taking into account the validation data, the proposed TLC-densitometry method in this study is suitable to be employed in most laboratories because of its simplicity, rapidity, and efficiency.

**Sample Availability:** Samples of the compounds are not available from the authors.
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![(**A**) Thin-layer chromatographic (TLC) plate of spiked canned tuna visualized under UV lamp at 365 nm: 1 = blank; 2 = 6.25 mg/kg; 3 = 12.5 mg/kg; 4 = 25 mg/kg; 5 = 50 mg/kg; 6 = 100 mg/kg; 7 = Biogenic amine standards; PUT = Putrescine; CAD = Cadaverine; SPD = Spermidine; HIS = Histamine; SP = Spermine; TYR = Tyramine. (**B**) Chromatogram of histamine spots shown with BIO-1D software after visualization of the TLC plate by a Quantum ST5 system: 1 = 6.25 mg/kg; 2 = 12.5 mg/kg; 3 = 25 mg/kg; 4 = 50 mg/kg.](molecules-25-03611-g001){#molecules-25-03611-f001}

![Calibration curves of histamine in solution, in canned tuna, and in dry-salted anchovy.](molecules-25-03611-g002){#molecules-25-03611-f002}

molecules-25-03611-t001_Table 1

###### 

Rf values of the different biogenic amine-dansyl derivatives separated by the TLC method.

  Biogenic Amines   TLC Rf Values
  ----------------- ---------------
  **Putrescine**    0.50
  **Cadaverine**    0.61
  **Spermidine**    0.69
  **Histamine**     0.77
  **Spermine**      0.82
  **Tyramine**      0.85

molecules-25-03611-t002_Table 2

###### 

Precision, accuracy, and recovery data for histamine in spiked canned tuna samples.

  Nominal Concentration (mg/kg)   Observed Concentration ^a^ (Mean mg/kg ± SD)   Intra-Day Precision ^b^ (%)   Inter-Day Precision (%)   Trueness ^c^ (%)   Average Recovery ^d^ (Mean mg/kg ± SD)
  ------------------------------- ---------------------------------------------- ----------------------------- ------------------------- ------------------ ----------------------------------------
  **6.25**                        5.82 ± 0.28                                    4.82                          11.16                     −6.88              93.18 ± 4,49
  **12.5**                        13.16 ± 0.53                                   4.09                          5.37                      5.28               105.28 ± 4.31
  **25**                          26.05 ± 0.98                                   3.78                          6.35                      4.20               104.21 ± 3.94
  **50**                          48.66 ± 1.89                                   3.90                          7.29                      −2.68              97.33 ± 3.80
  **100**                         103.70 ± 2.27                                  2.19                          5.80                      3.70               103.70 ± 2.27

^a^ n = 6 days with three replicates per day. ^b^ Expressed as RSD: RSD (%) = (SD/mean) × 100. ^c^ Trueness % = (observed concentration − nominal concentration)/nominal concentration × 100. ^d^ Recovery % = (observed concentration/nominal concentration) × 100.

molecules-25-03611-t003_Table 3

###### 

Histamine level determination in fresh fish and fishery products using HPLC-UV and TLC/densitometry methods.

  ----------------------------------------------------------------------
  Sample (n)                         Histamine Levels (mg/kg)   
  ---------------------------------- -------------------------- --------
  **Fresh mackerel (4)**             nd\                        nd\
                                     10.74\                     nd\
                                     15.36\                     11.90\
                                     20.41                      17.89

  **Fresh Sardina pilchardus (2)**   9.82\                      nd\
                                     16.32                      14.53

  **Fresh anchovy (2)**              nd\                        nd\
                                     35.21                      39.23

  **Fresh tuna (2)**                 10.12\                     nd\
                                     15.73                      13.25

  **Marinated anchovy (2)**          nd\                        nd\
                                     14.23                      16.23

  **Dry salted anchovy (2)**         17.53\                     22.36\
                                     nd                         nd

  **Canned mackerel (3)**            13.28\                     12.77\
                                     nd\                        nd\
                                     nd                         nd

  **Canned tuna (1)**                nd                         nd
  ----------------------------------------------------------------------

n: number of samples analyzed; nd: not detected (LOQ HPLC-UV = 8 mg/kg; LOQ TLC = 10.5 mg/kg).
